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Joints 

Disk  Degeneration 
Mechanical  Pmperties 

to.  AStTMACT  MvwM  tlito  If  n*c»*ft«ry  anrf  IrfwtHfv  Ar  fct«rR  number) 

Human  intervertebral  joints  were  subjected  to  a  constant  stress^  and  the 
resultant  strain  response  was  measured  as  a  function  of  time.  Thereafter,  the 
stress  was  partially  removed  and  the  strain  again  measured  as  a  function  of  time 
Based  upon  the  data,  an  analytical  mechanical  model  was  formulated  for 
which  the  Young's  Moduli  and  a  coefficient  of  viscosity  were  deteimined.  The 
measured  data  indicate  marked  differences  in  the  compressive  behavior  of  the 
intervertebral  joint  excised  from  the  thoracic  and  lumbar  column.  Several 
types  of  disk  degeneration  were  observed  and  studied.  It  is  sugi’ested  (CON'T) 
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20  (Con’t) 

that  the  disk  acts  as  a  sealed  pressurized  unit.  If  tears  or  ruptures  occur 
in  the  Joint  whereby  nuclear  fluid  can  easily  escape  from  the  intervertebral 
disk  and  be  in  direct  contact  with  the  vertebral  centrum,  the  mechanical 
properties  of  the  joint  are  significantly  altered. 


SUMMARY 


Thia  invMtigation  has  yialdad  levaral  intnvalinc  findinc*  on  the  int<N'v<*rtf>bral  joint  rraponar  to  static 
comprMsiva  loadinf. 

•  When  the  mvrmal  intervertebral  jiunt  is  subjected  to  h>adin«,  it  clearly  exhibits  creep  characteristh's. 

•  The  magnitude  and  character  of  the  creep  curve  is  a  functioo  of  the  niorph«>lugic  condition  of  the 

intanwtabral  disk. 

•  If  nuclear  herniation  occurs,  the  ability  of  the  disk  to  carry  axial  compressive  ItMids  is  iHtmpromiaed. 

An  analytical  model  (xtrresiMinding  to  the  ex|>erimental  data  was  generated.  The  Young's  MtMiuli  and  the 
(Xiefficient  td  viscxiaity  ixtrresiatnding  to  the  nualel  were  nresented.  There  is  some  indication  that  the  re»xtver> 
mec'hanicstd  the  intervertebral  jtunt  «k»not  behave  in  a  linear  visixielastic  manner;  additional  analytical 
investigatuMis  are  currently  underway  to  determine  the  extent  of  this  nonlinearity. 
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INTRODUCTION 


'lln*  inlrnrrtrbral  joint  ('«>nitiiil)i  of  tin*  inimertpbral  diitk,  th«*  atfjoinintt  vMirbral  tviitra  with  their  itainnl 
(MMlerior  iy|ia|>oph)  iteal  artk'ulationH,  and  awMH'iated  littamentoiu  Htructiirea.  'i'he  intervertebral  joint  i«  a 
flexible  Htrucliire  that  reaeta  ax  a  hydraulic  kuid  absorber  ami  transmitter,  llie  joint  reduces  the  jarrin((  effects 
of  mechanical  v  ibratktns  and  im|Mict  produced  by  cvalkinn,  runninn,  jumpinn,  or  any  other  activity,  wherein 
the  spinal  c'oliimn  is  subjected  to  movement  or  stress.  The  intervertebral  joint  isesscmtial  for  mvmial 
mechanical  spinal  function. 

This  investiftation  evaluates  biomechanical  data  collected  wrhile  subjertinit  the  human  intervertebral  joint  to 
lonft-term  axial  cxmiprrssive  loadin^t.  The  objectives  of  the  ex|>erimental  effort  are  to  describe  and  measure'  the 
lontt-terni  creep  res|H>nse  of  the  interx  ertebral  jetint  in  cxmipression  and  to  dev  elop  a  theoretical  mcaiel 
describing  the  cieep  ntcH'hank's  for  normal  and  diseased  interv  ertebral  joints. 

'I'he  criH'p  test  mc'asures  the  axial  stnictiiral  stability  of  the  intervertebral  joint.  The  te'st  can  l>e  of  relativ  ely 
lon)(  duration;  therc'fore  it  is  of  (crc'at  biomechank'al  and  clinic'al  importance  due  to  abnormal  stress 
applic'alion,  which  may  cHeiu  to  surroiindinit  hard  and  soft  tissue  structures,  ('reep  tests  are  also  im|H>rtant  for 
analytk'  nicHlelinn  of  dynamic  joint  res|Hfn.<ie  and  detemiinatinit  c'orres|H>ndin4i  material  proiierty  c'oeffk'ients. 
Creep  test  information  c'an  be  applied  to  many  clinical  and  research  areas,  such  as  phy  sic'al  medicine, 
anatomy .  orthopedics,  rehabilitation,  and  for  selecting  suitable  materials  for  disk  replacement. 

MATERIALS  AND  METHODS 

The  test  ap^varatus  illitstrated  in  Kigtue  1  was  used  to  measure  creep  and  recovery ,  It  cHtnsisted  of  an  ac'ry  lie 
plastic  container,  a  (Hvsitioning  box  which  had  sec'ured  onto  its  base  an  acrylic  plastk*  platen,  a  humidifier,  lead 
weights,  and  assceiated  electrcvnic  equipment,  .k  linear  voltage  differential  transformer  ILYDTI  was  fixed  to  a 
side  of  the  outer  box,  while  its  core  was  mechanicaUy  fixed  to  a  side  of  the  internal  (Hvsitkvning  ben.  .kn 
electrical  schematic  of  the  sy  stem  is  shown  in  Figure  2.  Figure  3  is  a  photograph  of  the  entire  test  system.  The 
creep  and  Teexvvery  characteristics  of  47  vertebral  joints  remov  ed  from  four  male  cadav  ers,  ranging  in  age  from 
2"  to  <k».  were  studied.  C^tuse  of  death  in  c'ach  case  was  suicide. 
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Figure  1 .  The  ('.reep  T est  Ap|Mratus 
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K«t'h  spinal  unit  was  removed  en  masse  within  24  hours  following  death.  Anterior-posterior,  lateral  and 
oblique  radiographs  were  taken.  Using  an  electric  band  saw,  parallel  hard  tissue  slices  were  cut  at  each 
vertebral  level  perpendicular  to  the  vertebral  end  plates  and  at  a  level  of  maxiroum  vertebral  body  waisting. 
Uach  slice  was  cut  parallel  to  the  line  of  demarcation  between  the  cartilaginous  end  plate  and  vertebral  bone. 
This  procedure  was  conducted  carefully  to  avoid  creating  any  nonuniformity  of  load  distribution  throughout 
the  experiment.  The  posterior  articular  facet  joints  and  spinal  ligaments  were  left  intact.  Each  specimen  was 
labeled,  inserted  into  a  plastic  bag,  and  placed  in  a  deep  freece.  Before  testing,  each  vertebral  specimen  was 
removed  from  the  deep  freeae  and  allowed  to  stand  14*16  hours  to  thaw  at  room  temperature.  Throughout  the 
thawing  period,  the  specimen  remained  sealed  in  iu  plastic  bag  to  minimise  tissue  d^ydration.  Just  before  the 
test  procedure,  each  vertebral  body-bearing  surface  was  sUmped  onto  a  foam  rubber  ink  pad  and  the  inked 
s|)ecinten  was  stam|ml  onto  millimeter-scaled  paper.  From  this  print,  the  vertebral  body  area  was  determined. 
'ITie  initial  height  of  the  s|)ecin)en  was  measiued  using  a  set  of  vernier  calipers.  For  testing,  the  specimen  was 
placed  I'ephalad-side  upwards  between  the  platens  of  the  creep  box.  (The  posterior  spinal  column  was  not 
loaded,  but  free  to  tense. )  'Fhe  humidifier  was  turned  on.  The  dead  weight  huid  of  .10  lb  (with  a  resulting  total 
40-lb  weight  applied  to  the  s(>ecimenl  was  manually  placed  upon  the  weight  tray.  The  total  creep  yieriod  was 
8  hours  ♦  I .  Thereafter,  the  dead  weight  was  removed,  and  the  specimen  allowed  to  recover  for  approximately 
lb  hours.  During  the  recovery  period  the  applied  weight  was  10  lb.  Figure  4  illustrates  a  typical  data  plot.  The 
direction  of  the  arrows  depicts  the  path  taken  by  the  pen  of  the  X-Y  recorder. 


START  TIME  8  hours 


Figun*  4.  Typical  Normal  t'r»*ep  Plot.  The  diri'Ction  of  the  arrows  depicts  |Mth  taken 
by  the  |H’n  of  the  X-T  recorder. 
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ANALYSIS  OF  DATA 


'R  hen  the  intertertehrai  joint  i*  to  a  «tiatH'  it»nn>re»«i\e  load,  ilm  atnu'lure  will  iletorin  and  adjust 

to  «>|>(>oii«>  the  applied  foree.  Fitture  5  illuatratea  the  aaiient  (eature:*  of  a  lypk'al  norntal  t-reep  cime  lor  tlie 
inter\ertebra{  jtvint.  'llie  X-V  plotter  di»pia>«  an  iiialanlanetnia  mnipreaskin  ininie<liatel)  follow  iii|>  load 
applu'atHMi.  For  ter>  .4h«>rl  loadinji  timea  lleaa  than  I  aectindl.  the  defontiation  xeeina  to  rt>n«i»t  of  an 
iiiatantaneoua  elaatic  deformation,  Point  A.  The  (teriinf  after  the  initial  deformation  ia  followetl  b)  a  (teriiki  in 
which  th«  predominant  defonnatioo  ia  charactariatic  of  a  viacoelaatir  reaponae,  from  Point  A  to  Point  B.  In  the 
next  ragkm.  the  cun-a  approachM  a  low  conatant  When  the  apecimen  ia  unloaded,  an  immediate  inrxvaae 
in  height  ia  noted.  Point  R  to  Point  C.  Thereafter,  the  afieoinien  gradually  elongatea  but  in  no  rase  does  it 
re*>»er  to  ita  original  lenitth.  Point  C  to  Point  f). 


F'i^tur*'  5.  Salient  F’eaturea  of  a  (’.reep  <'.»ir\e  lUiiatratiit^  Fdaatie  and  MarHielastie  Keytiona 


A  typical  cre»'p  ciir%e  for  a  normal  inlertortebral  joint  is  illiistratt<d  in  Fi>ii»n'  0.  The  prr'tesl  radio|;raph  of  the 
\ertebral  unit  utiliKe«l  to  generate  the  cur\e  is  shown  in  the  up|M'r  ri^tht  hand  writer  of  the  c\ir\e.  A  cur\e  for  a 
dist'astn)  inler\ertehral  joint  is  ilUistrateii  in  Fijtnre  7.  Shown  is  the  effivt  of  tertebral  epiphy  sitis 
tS'heuermann's  Oiseasi'l  on  the  ereep  n’S(M>ns«\  alony;  with  a  radioi;raph  of  th«'  dist'astni  ji>int.  Fijjurt'  7  shows 
that  the  r  isixadaslie  resfionse  of  the  interr  ertehral  joint  is  obliteraU'if.  None  of  the  data  penerateif  under  this 
eateipiry  was  ituaiUitatiHi .  t.'.nH>p  eiirves  were  also  eolleeteil  for  \ arions  dejfrei's  of  S'hniorl’s  mnles,  i ertehral 
Ualy  fraetnres,  dheraent  ttradations  of  disk  deat'neration,  and  interr  ertehral  disk  pnuusion  into  (he  vertebral 
(vntriint.  In  eaeh  ease  the  elastic  |H>rtion  of  the  curve  wasnnaintH).  while  tlw  visi-vielastie  jiortion  of  the  cnvp 
curve  was  destroyevf. 


FiKurt*  6.  Typical  .Normal  Oecp  Plot  for  a  Normal  Intervertebral  Joint. 
Tbe  teat  aperiman  ia  identified  aa  KC’KB-T^-T^. 


To (-oiurnioniK  i«lonlif>  »T«»p  oiini*  olnirm’l«>ri»lh'i«.  nil  wmv  I'lmwifiiHl  iniit  ihnH> 

l>  |H^  ImimhI  on  tin*  o(  ihi*  i'rp«>|«  ount'  ulimmi.  w-rrp  ulmlifim)  «• 

Mini  t'ltllml  : 

r\|>o  t  —  S*fl  S*lul 
r>  |M'  2  —  S*IhI  I'.nrxp 

—  lrrp*«Ur  i^irxo 

It  muM  b«  kept  in  mind  that  this  froupinf  of  cunva  ti  not  abaoluta  and  that  oartain  ox-arlap  of  charactariatica 
oxiata.  Inlarpratathm  ia  not  aaay  haoanaa  of  tha  t'ontinnona  craap  prooaaaaa  and  ia  not  raadlly  axplalnad  into 
diai'n'lt'  iinri'InliMi  inrohnniaina. 

I'ha  lO'in'ral  i'lx«rai'lariati«'a  oi  lixoaa  thra«>  iinnipina*  <*f  niax'hanioai  i*aha\  tor  aan  In*  nndaratooti  l*aat  Ixy 
I'onaiilorina  tho  (xtmitinati  ain'aa  lima  and  atrain  lima  diaarama  ahoxxn  in  Fiitnra  H.  A  alraaa  ia  anddanly  appliaxi 
ill  lima  A  and  ia  kapi  aonalani  Id  lionral  iinlil  ranioxail  at  lima  K,  xvhiah  i'oiTaa|i«Mida  with  I)  on  lha  alrain 
I'lirvaa.  Than'aflar.  lha  inlarx  arlahral  joini  ia  allow aii  lima  to  raiHwar  at  wini'aii  lixad  Inp  to  24  honral. 

In  lha  rx|H'  I  anrxa  iKiitiiaa  dhl,  an  inaianlanaona  alrain  alonn  AR  ia  ohaarx-axi;  thia  ia  followad  by  a  |xrxx|traaaixa 
inan'aainit  alrain  (or  il  honra.  \\  han  lha  alraaa  ia  mainlainaxi  (or  a  hxnit  lima  I  >15  honral,  tha  atrain  I'lirxa  max 
ixpiilihrala.  thi  |>anial  ramoxal  o(  tha  alraaa,  lha  inatanlanaona  inxmiHmant  of  tha  atrain  ia  abx-aya  obaarxaxi 
iinmaxiiatalx  alona  lioa  OK,,  aa  ilhialralaxi  in  Kianra  B.  A  raooxwry  |xrxxaaaa  (oHoxva;  howax-ar,  a  |xamiananl 
dafornialion  ia  la(t. 

In  lha  i'xiia  2  anrxa  (Kiiinra  Bal.  dafornialion  lakaa  plara  almoal  inatanlanaonalx  xxilh  lha  applix'alion  o(  lha 
aln'aa  ao  lhal  AK  ap|iaara  aa  a  alrai|thl  lina  almoal  |xarallal  to  lha  alrain  axia.  Thia  ia  (olhwxaxi  by  a  alifhl 
tranailion.  than  hx  an  almoal  horironlal  raa|>onaa  that  I'onlimiaa  ihroiinhonl  lha  |iario<i  o(  alraaa.  thi  ramoxal  o( 
lha  alraaa  at  I),  alaalia  raxxixary  ox-anra  qniaklx  ao  that  UF  ap|iaara  aa  a  xarliaal  Una;  raxxtxary  ia  iiaiiallx 
iiuxxmplala. 

Tha  Tx  pa  5 1’lirxa  xxaa  alaaaifiaii  nndar  lha  iranaral  haadiivt  of  Irrafpilar  t'.raap  t'.iirxa.  Thia  iironpin^  im'Indaxi 
all  lha  inlarx arlahral  iinila  xvharain  |>athohi||iaal  ixwdiliona  xxx*ra  kmwxn  li>  axial  and  xxara  raxiiofraphiaally 
iiiantifiad  aa; 

1 .  Sahmorl'a  IVxaiaa:  intraapoiiKiona  diak  harnialiona  xxith  nndnlalin«  and  plalaa. 

2.  t'.laaxaira  Kraatiiraa:  xarliaal  bnral  iiyjiiriaaof  tha  xartabral  aanimm,  xvith  loaaof  and  plata  ixxniinnily . 

;l.  S'hanarmann’a  Piaaaaa  (xartabral  apiphyaltial:  and  plala  franmanlatixm,  alaplika  dafomiitx  and  antarior 
xartabral  Imdy  xvadsiiiK. 

t'.raap  anrxaa  of  lha  raataiiKnlar  tyjia  xxara  xxbaarxaxl  and  may  ba  xiafinaxi  aa  x'lirxaaxxf  affax'lixalx  aarxx  x iax'xxaily . 
I'ha  applix'atixxn  xd  alraaa  prxxxhix'axi  a  xxxmparatixaly  amall  xtI  inalanlanaxxna  xiafxxnnalixxn  rapraaanlaxi  by  .AH  xxn 
lha  alrain  diagram  (Kiiinra  Bxil.  I’xxini  H  rapraaania  a  xpiaai-xaxtnilibrinm  alala  nmfar  alraaa.  I.ina  Ht'l)  laudato 
l»x'  parallal  Ixx  lha  lima  axia.  Uaxxxxarx  ia  inx'xxmplala  alxxnn  litia  DK  xxhan  lha  alraaa  ia  ranixxxaxi.  K  parmanani 
liaformatiim  ia  lafl. 

\\  hanaxar  an  axial  huixl  xxaa  appliaxi  Ixx  lha  inlarx  arlahral  nnil,  lha  hainht  xxf  lha  nnil  itradnallx  diminiahaxi.  I'ha 
aira  anxi  ahapa  xxf  lha  inlarx  arlahral  diak  anxi  lha  affaxiixa  anrfax'ax'xxnlax'l  araa  xxf  lha  |xxxalarixxr  arlix'iilar  (ax'al 
jixinla  xxara  allaraxl.  Tha  masnilmla  xxf  lha  alrain  xxbaarxaxi  iiuliaataa  lhal  lha  Inmbai  apina  axhibila  nixxra  x'raap 
|Mi|anlial  lhan  lha  ihxirax'ii'  apina.  .''iiix-a  lha  inlarx  arlahral  jxxinia  in  lha  np|xai  ihxxrax'ix'  apina  ara  mnah  ihinnar, 
ihia  ainxlx  'xiBin'aia  x-ix'x'p  max  Ixa  ralaixMl  Ixx  inix'rx arlahral  xliak  aixaxv  hai||hl . 

\  airix'llx  alaaiix'  xiafixrmatiixn  rx'axdia  xxhan  a  alrain  ap|xaara  and  xliaapjxaara  aimnllanaxxxxalx  xxilh  lha  applix'atixxn 
iinxl  rx'imxxal  xxf  lha  airx'aa.  In  nanaral,  lha  (raalar  lha  alrtwa,  ihaftraalar  lha  alaaiix' xiafxxrmalixm.  Sana  x'xixianx'a 
ha«  ri'x'x'iillx  Ixia'ix  ixxlli'x'ix'xl  iix  anmtaai  alaaiix'  xlafxxrmaliixn  Ixx'x'xxmaa  nxxnlinaar  al  hi#h  lax  ala  xxf  alraaa.  I'hia  max 
Ixx'  rx'laix'xl  Ixx  lha  anxxxxmt  xxf  in  t  iixi  xxaiitht  x'arriaxi  bx  lha  |xartix'nlar  inlarx  arlahral  jxxini  Ixainii  laaixal. 
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\  (lofornialion  was  obsiTV'wl  (uUowinx  tlw  initial  elastic  deformation  phase.  It  was  characterised  by 

a  hiKh  rale  of  crt^ep  that  Kradiially  diminished  with  time,  but  did  nut  always  attain  a  constant  rate  even  after 
1<  hours  of  evfMwure  to  load,  in  addition  to  the  elastic  and  viscous  deformation  prxifjerlies  observed,  a  third  type 
*<f  tleformalion  may  be  defined;  plastic  deformation.  This  type  ol  deformation  owurred  when  the  strain, 
w  hich  w  as  observeti  simultaneously  with  the  application  of  the  stress,  did  nut  vanish  even  when  the  stress  was 
removeil.  in  this  study,  elastic,  viscims,  and  plastic  deformations  of  the  intervertebral  joint  were  recorded  as  a 
result  itf  time-dej>endent  strain.  A  gradual,  yet  measurable,  recovery  process  occurred  following  removal  of  the 
applied  load  platen,  which  weighed  10  lb.  in  no  case  did  the  specimen  return  to  its  original  len^. 

CREEP  CURVE  ANALYSIS 

The  analysis  »>f  the  ex)>erinienlally  observed  compressive  creep  phenomena  was  initially  based  on  a  three-unit- 
Kel\  in  nuHlel  as  shown  in  Figure  This  is  a  linear  model,  and  thus  the  strain,  < ,  is  always  proportional  to  the 
(siiistant  level  of  stress  applied,  0^  o,  and  may  be  expressed  as 

»lt>-ff,J(tt  Ul 


1 


Figure  9.  Three*unil-Krlvin  Chain 


The  function  J(tl  charucterise*  the  particular  material  undergoing  creep  and  in  called  the  creep  compliance. 
For  the  three-imit  model,  the  total  streM  applied,  a ,  is  equal  to  the  stress  across  each  unit  and  may  be 
expressed  by 

»  =  £{#5+  qjsj,  i  =  1,2,3.  (2| 

where  the  dot  denotes  differentiation  with  respect  to  time,  Ej  is  Young's  modulus,  and  *ti  is  the  coefficient  of 
visooaity  for  the  respective  uniu.  These  are  related  to  the  unit  elasticity,  ki,  and  damping  coefficient,  c  {.  by 

E.  _  kiAl  j  _  cjaI  „ 

i  =  and  *1  i  =  (.■».  4| 

where  a  I  is  the  initial  length  of  the  specimen  and  A  is  the  effective  cross-sectional  area  of  the  sfiecinien. 

The  individual  strains  of  each  of  the  three  units  were  summed  to  give  the  total  strain: 

•  =  *1  +  *2  +  *3  (51 

By  use  of  the  three  relations  given  by  (21  and  151,  the  following  differential  equation  relating  stress  and  strain, 
as  given  by  FKigge  (19751,  can  be  derived: 

Pi  d  +  Pa  ir  =  qo«  +  qii  qa’e  +  qas  «>! 


By  applying  the  Laplace  transformation  to  (M,  and  assuming  that  all  initial  values  of  the  time  derivative  terms 
are  aero  and  that  the  applied  stress  at  time  t=0  isolo,  a  constant,  so  that  ^(sl  =  <ro/e.  the  following  is  derit  ed: 


^  (1  +  p,s  ♦  paS*)  =  (qo  +  q,s  f  q.s’  +  q,8*)  ,  (s) 


or:  7  (a) 


gp  (1  +  p|S  t  pas*) 

a(qo+  qi8  +  qas*  +  q,8*) 


(71 


To  solve  for  «(tl,  first  the  roots  for  the  polynomial  in  the  denominator  of  Jls)  must  be  determined  and  |he 
expression  split  into  partial  fractions.  If  the  roots  are  given  by  ,  Xj  and  X;>  then  J(sl  can  be  put  in  the  form 


where 


J(s) 


J_  i  (_^L 

q,  s'^s-X, 


s-Xa 


1  ^  Pi^i  ♦  P*^ 

(X,Ix,XX;-X,) 


(K( 


(9| 


and  a;  and  83  are  similarly  expressed  by  permutation  of  indices.  1'hen  an  inverse  iransfoimation  of  (HI  viekis 
« (tl. 


«(() 


_ ^  a, 

q* 


<l 


,x„> 


*1 

x: 


a 


.Xal  1 


8  *  X«t\ 
.  <l-e  ") 


(101 


This  can  be  rewritten  in  the  form 


€(t)  = 


=  -*o[- 


A,  d-e-®'*)  +  Aad-e-^*)  +  A,d-e-®»*) 


(11) 


A  complete  specification  of  c  (tl  requires  the  determination  of  the  six  independent  parameters  Aj  and 
ai(i  =  1, 2  and  3). 

While  an  elaborate  minimization  scheme  using  experimental  data  may  allow  this  determination,  the 
characteristics  of  the  experimental  data  indicated  the  use  of  an  approximation  method  which  led  to  calculated 
( (tl  values  within  approximately  5%  of  the  measured  values. 


A  typical  experimenUl  creep  curve  is  shown  in  Figure  10.  The  time  scale  is  divided  into  three  regions  indicsteH 
by  aTi  ,  aT2  and  AT3.  ft  is  assumd  that  within  each  region  the  predominant  time  response  coefficient  is  al , 
02  anda3,  respectively;  and  further,  that  there  is  a  minimal  overlap  of  time-varying  responses  between  the 
regions.  That  these  assumptions  were  reasonable  was  demonstrated  by  the  closeness  of  the  fit  of  the  rjilriiliu«»d 
<  (t  I  curves  with  the  measured  data  curves. 


Figure  10.  Typical  compessed  creep  response 


The  analysis  scheme  was  based  on  the  observation  that  the  creep  response  could  be  approximated  by  three 
superimposed  responses,  as  shown  in  Figure  11.  The  <3  response  corresponds  to  a  Kelvin  unit  with  k  3 -^0  and 
exhibiu  a  fluid  response  with  a  constantly  decreasing  length  at  a  rate  proportional  to  the  applied  stress.  To 
examine  the  rate  of  pure  fluid  compression,  it  was  assumed  that  the  first  two  terms  in  Eq.  (Ill  had  attained 
maximal  values  at  the  termination  of  region  aT2  and  thata3t  was  small  within  region  AT3.  l^is  led  to  the 
following  approximation  for  c(t|  in  AT3. 

€(t)  =  -ffo(A,  +  A*  +  A,a,t)  (12) 


By  taking  the  derivative  and  comparing  it  to  the  experimentally  observed  slope  of  c(tl  vs  t  in  the  AT3 
region,  the  coefficient  A3a3  was  determined. 


t 


Figure  11.  Applied  Slreat  at  Individual  Unit  Strain  Responses 


The  exponential  response  observed  in  region  aT2  was  modeled  by  a  Kelvin  unit  with  strain  response  «  2:  and 
the  response  in  region  ATj  by  a  Kelvin  unit  with  c  i-»0  and  a  strain  response  <l  that  exhibits  purely  elastic 
properties.  This  approach  led  to  a  model  structure  as  shown  in  Figure  10.  Values  for  Aj  +  A2  were  obtained  by 
evaluating  the  equation  at  the  maximum  creep  loading  times  measured  (usually  at  about  8  hoursl.  K  ith  the 
above  approximations,  an  equation  of  the  following  form  was  written 

t  ♦A,  +  A,  -  atA,t)  =  A,  o®»* 


A  least-squares  fit  was  made  to  this  exponential  function  to  solve  for  A2  anda2.  An  optimisation  procedure 
was  then  applied  which  sought  the  minimum  value  for  j ,  by  varying  the  location  of  the  .\T2and  a  T3  region 
separation  point,  where 


and  <  i  (call  and  ciiexpl  are,  respectively,  the  calculated  and  experimental  strain  values. 
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The  tM-hnique  tended  to  shift  the  separation  point  to  larger  time  values  and,  in  most  of  the 

analyzed,  led  to  the  result  that  t  2^**3  the  termination  of  the  creep  loading  phase.  For  this  reason  the  model 
was  further  simplified  as  shown  in  Figure  12.  The  response  of  this  three-parameter  model  has  the  form 

€(t)  -  -ffo  f  Aj  (1  -  e®**)  J  (151 

with  a  typical  response  as  shown  in  Figure  13. 


Figure  12.  Reduced  Fluid  Response  Model 


CT 


(A)  (B) 


Fimirr  IS.  Krdurtnl  S»lld  «nd  R<>iip«>ctivr  Rrspunur  I'nod  K«r  Final  (Wfficirnt  r.alrulalitMi 


lUinit  llw  alHwddwrilxd  pixH'rdurr,  tin'  data  w«>it>  analyte)  iw  a  diyilal  i'«niput<>r  tCIH'  WXWI.  and  \alii«>it 
ww  obtainMl  ftw  Ihf  Yinin|{'«  mtHluli  and  th«>  ixi(>nu'i«m  of  vuKXMity  (wn>i>iHmdinK  to  th«>  nuHi«>l  ohown  in 
Fi|pin>  12.  Thaar  vaiiiM,  tonathar  with  »(w«'im(pn  idantifiration,  initial  arra  and  haitiht.  air  gixrn  in  Tahir  I. 
Valurs  of  i/t  ranuni  from  about  I  %  to  !.'>%  with  about  a  .*>%  avrraitr  using  Kquatkui  ( I.M  fw  thr 
thirr-paramrtrr  modal.  Iiu'lusion  of  a  fluid  tarni  irsultad  in  an  insignifk'antly  battar  fit  of  tha  data. 


Table  1.  Teat  I.D.,  Spinal  Segment,  Area,  Young'*  Moduli  and  Coefficient  of  Vi»co«ily  for  Vertebral  Unit* 
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DISCUSSION 

The  i'Umu'mI  lhe*»r>  of  elaMicily  deals  with  the  niet'hanieal  (m>|>erties  of  elastic  solids,  for  nhieh,  atHxtrdinit  to 
lltMtke's  Ijiw.  stn*ss  is  always  directly  ()m(tortional  to  strain  in  small  defomtations  but  inde|)endent  of  strain 
rate.  The  classical  the»*ry  of  hydrodynanik's  deals  w  ith  the  pro|>erties  of  viscous  fluids,  for  which.  aix'ordiiiK  to 
New  t«*n‘s  Ljiw  .  stress  is  alw  ay  s  directly  pr»|Hmional  to  the  rale  of  strain,  but  indeftendeni  of  the  strain  itself. 
The  classical  thetmes  of  elasticity  and  hydrodynamics  are  idealisations.  Although  the  behavktr  of  many  stilids 
approaches  Hooke's  laws  for  infinitesimal  strains,  and  many  liquids  approach  Newton's  laws  for  infinitesimal 
rates  of  strain  under  other  conditions,  deviations  are  observed.  Two  types  of  deviations  may  be  distinguished. 

Kirst.  w  hen  finite  strains  are  applied  onto  stdids  (ihiwe  s*>fl  enough  to  substantially  deform  without  breaking: 
e.g..  annulus  fibro.susl,  the  stress-strain  relations  Inn'orne  much  ntore  coniplicattnl  Inon-fitHikean  I.  On  the 
other  hand,  in  steady-state  flow  with  finite  strain  rales,  many  fluids  (such  as  iM>lymeric  solutions;  e.g.,  nucleus 
piiliMtsiis)  exhibit  marktHl  deviations  from  Newton's  I.aw  )non-Newtonian  flow  I.  The  dividing  line  l>etw»'en 
finite  and  infinitesimal  is  de(>endent  on  the  level  of  prec'ision  under  consideration.  It  varies  greatly  fn>m  one 
material  to  another. 

Sei'ond.  if  both  the  strain  and  rate  of  strain  are  infinitesimal,  a  system  may  exhibit  behavmr  w  hich  ixmibines 
solidlike  and  liquidlike  characteristics.  For  example,  a  substance  or  body  which  is  not  quite  srdid  does  not 
maintain  a  constant  deformation  under  I'onstanl  stress,  but  slowly  deforms  with  time,  or  creeps.  Vl'hen  such  a 
btjdy  is  constrained  at  constant  deformation,  the  stress  required  to  hold  it  gradually  diminishes  or  relaxes.  A 
body  which  is  not  quite  liquid  may,  while  flowing  under  constant  stress,  store  some  of  the  energy  input  instead 
of  dissipating  it;  it  may  recover  a  portion  of  its  deformation  when  the  stress  is  removed  (elastic  recoil  I. 
Materials  whose  behavior  exhibit  such  characteristics  are  identified  as  viscoelastic.  If  Iwlh  strain  and  rate  of 
strain  are  infinitesimal,  the  material  may  be  viewed  as  possessing  linear  viscoelastic  behavior.  The 
intervertebral  unit  exhibits  both  elastic  and  viscous  behavior  through  sinuiltanesnis  dissi(>ation  and  storage  of 
mechanical  energy.  Material  resjwnse  to  static  loading  can  be  explained  by  viscoelastic  phenomena.  The 
prominence  of  viscoelasticity  in  the  intervertebral  unit  is  not  unexf»ected  in  light  of  the  biomechanical  studies 
of  \  irgin  (1%!.  I‘)!i8l.  Hirsch  and  Nachemson  (IP,S4I.  Hirsc'h  ( |Pi>,'>l,  Yorra  (IPoOl,  Evans  and  Lissiter  (1%!>I. 
^aniada  (IP'OI,  Kazarian  (1P72.  IPT.'il,  Farfan  (IP73I,  Markolfand  Morri8(lP74l.  and  others. 

Fhe  intervertebral  disk  forms  the  primary  structural  energy  dissi|>ation  and  transmission  comiHuient  of  the 
intervertebral  unit.  The  normal  intervertebral  disk  is  a  fibrocartilaginous  structure.  It  varies  in  sire,  shaja', 
and  thickness  at  different  spinal  levels.  The  disks  in  the  cervical  and  lumbar  regions  are  thickest  to  allow 
gn'aler  degri**'  of  motion.  The  disk  is  generally  wmsidered  to  be  avascular;  however.  bltHxi  vessvds  within  the 
tiisk  have  Iteen  re|Hnled  by  some  investigators  up  to  the  age  2,'v  (Beadle  1P3I I.  and  nutritive  canals  have  lavn 
ol>serve<l  to  <'ommunicate  directly  with  bItaKi  vessels  of  the  s(a>ngiosia  of  the  vertebral  IkhIIcs  (Bohniig  |P;U(I. 
The  disk  is  made  up  of  thiw  integrated  coni|Nments;  thv'  nucleus  pid(Mvsus  and  annulus  fibrosus  which  an* 
inter|H>seil  Ivetween  siqierior  and  inferior  hyaline  cartilagiiunis  end  plates. 

The  nucleus  piil|N>siis  is  the  enclosed  siibstancv'  within  the  v'entral  part  of  the  intervertebral  disk  siirroundtHl  by 
the  annulus  fibntsiis.  It  consists  of  a  three  collagenous  lattice  enmeshed  in  a  niiuMprotein  gel.  The  direction 
and  arrangement  of  the  nuclear  network  in  the  matrix  frequently  ap|)ear  to  l>e  random,  except  at  the  iip|H'r  and 
lower  internal  surfaces  of  the  cartilaginous  end  plates  where  the  nucleus  pul|M>sus  is  intimately  and  uniformly 
dis|»ersed  and  attached  to  the  end  plates.  The  protein  iNilysaccharkle  complex  surrounding  the  interlacing 
collagenous  fibrils  endccw  the  nucleus  pul|Nisiis  with  an  abundant  water  binding  ca|vacity  (Rabincwitch  1%1 1. 
I’uschel  ( |P;l(H  re|>nrted  that  w  ith  advanciitg  age.  the  water  content  of  the  disk  prvcgressively  dec'reasc's.  In  the 
newUcrn  the  estimated  water  content  is  8H%,  whic'h  gradually  dcoreases  to  (».'>%  at  age  3(),  where  it  remains  at 
a  relatively  constant  level  until  cdd  age.  'I'hat  is  to  say.  to  the  third  decade,  the  nucleus  pul|)osus  is  a  watery 
gelatinous  substance.  .As  gmwth  rate  sultsides,  a  sequence  of  progressive  events  ensues  that  seems  in  effec't  to 
be  a  maturation  prcnoss  of  the  collagenous  network.  This  pntcess  involves  an  increase  in  fibrillar  stnic'ture  and 
a  change  in  their  arrangement.  The  nuclear  fibrils  become  thicker  and,  as  a  result,  clctsely  pac'ked  together, 
and  also  become  iinidirectkmally  oriented.  Highly  organized  dense*  fibrillar  arrays  are  fashkined  freem  the 
original  randomly  distributed  configuration.  This  prcK*ess  simultaneously  involves  a  progressive  dehydratken 
of  the  mucoid  material.  Differences  in  bicH'hemk'al  com|M>silion  ap|iear,  which  are  re|H>rted  to  be  of  a 
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ii«tu(v  mui  at  an  «>v«>r  iiuivaainii  ralr,  afftH'liiiK  both  lh<>  iiil<*nvllular  matrix  aiui  ivllii. 

CVUiilar  mata^rial  tlMrixMl  {ntm  tth^  surixmiuiing  aiiiuiluti  fibixwus  anti  i-arlilattiiums  1*11^  (klali*  ({ratlualK  intaiie 
thii«  nut'ltMt*  pul|>tM>u»:  anti  tht*  lalt«>r  btH'tuiiftt  fibrtuii-  aiul  tlt*tutt-aliHl  iSx  lx  mi  l‘ir»l  I. 

I'W  annulua  fibrxtaiui  einanalMi  fmni  iht*  t'artila|[iiit>u«  riitl  |>lalt>a  anti  i«  txmitKWMi  ttf  f llimua  atui  oartilatiituma 
<‘t«*ments  in  xxhit'h  iht*  tibnuia  «>l«>nu*nt»  (iretkiniinate.  It  is  th«*  first  t\>niiKuit*iit  t*f  the  inttrrx«>rtebral  itisk  tt> 
rexMil  a  txtniplex  txtllaitt'iHHis  arx'hilet'tuiv  fully  ilifftTrsiitiatMi  at  birth  t  Armstritn^t  I'J.xBl.  Tht*  annulus  fibnisus 
is  preaant  aa  a  aerwa  of  incwniplata  aheau  or  xx  alia  xxhk'h  aurround  the  uucleua  pulpuaua  and  constitutes  the 
primary  maaa  of  the  intertartebral  diak.  The  annulua  fibroaua  dex'elopa  in  direct  reaponae  to  vertebral  function 
and  is  capable  of  plastic  adaptation  to  the  exigencies  txf  functkxnal  activity .  It  alsti  x  aries  in  si»e.  stren^tth,  anti 
arranicement  in  the  different  re|[itxns  ixf  the  spine  I  Arinslrxuii;  l*J'i8,  Frtwt  l‘>72l. 

I  he  annular  lamellae  in  the  youn^  adult  form  a  dens*',  discrete,  nearly  loiuvntric  and  obliipielx  asterisk-like 
interxxoxen  structure.  Kach  annular  liaiid  runs  an  oblitpie  (tarallel  iMnrs«>.  The  dire«-tional  oblu|uity  of  the 
fibers  alternates  in  sulvse«|uent  lamellae.  Tlie  obliquity  of  the  annular  Itaiuis  is  ttreatest  in  the  ouiernuxst  reitions 
of  any  nix  en  disk.  The  olilkpiity  of  the  outernmst  annular  xxalls  also  increases  xxith  awviulintt  spinal  lex  els. 

I'he  interstraition  angles  of  the  annulus  fibrxxsus  temi  to  run  helixMidaUx  from  one  xertebral  lex  el  to  the  next. 
The  number  id  lamellae,  their  sise,  and  oblkpiity  id  arrangement  as  oell  as  their  thick ne.ss  shiixx  great  xariatii<n 
fitr  any  gixen  band  xxithin  varmus  (tarts  id  the  same  disk.  I'he  density  of  this  filmK  artilaginous  structure  \  aries 
xvithin  the  annular  cixtss-sectional  area.  The  lamellae  tend  to  be  clivielx  iiacketl  anterku-lx  and  |Htsterii>rlx  and 
lessclitsely  packexl  laterally  iGalante  l%7l.  The  (Htsierkir  lateral  regkuisof  the  annulus  fibixtsiis  haxe  niarkeil 
irregularities  and  are  less  onlerly .  The  lamellar  liands  dit  imt  fi>rm  ixnnplete  indix  iilual  rings  but  intrically  split 
itr  merge  to  interkn'k  xxith  i>ther  Itands.  The  nUKst  (leripheral  filters  of  the  annular  wall  (tass  itxer  the  cilges  ttf 
the  cartilagimtus  end  (tiates  and  anchttr  themseixes  tit  and  Itexttiitl  the  xertebral  rim,  ttt  the  margins  ttf  the 
at\)acent  xertebral  ivnirum,  and  to  its  (terkxsteum  iSchniitrl  and  Jungmanns  1^711. 

The  cartilagimtus  end  plates  are  intimately  CitniiectCil  to  the  xertebral  centra.  In  tite  early  years  id  life,  the  eml 
(tlates  are  structurally  characteristxl  as  a  hiuiutgeuous.  stdt.  pliable  material  xxith  a  translucent  matrix,  xxliich 
is  a  ixtmplex  prittein  Ichrttnditmuixtkil,  Thritughout  the  matrix  isscatteresl  an  intricate  array  itf  intertxx  ining 
"xvhite  fibers."  xxhich  are  re(Hirted  to  be  "matteil"  and  ixtnnei'teil  titgether,  and  macrxtsixtpically  represent  a 
"felt-xx  ork."  VI  ithin  this  array  are  s(taces  txtniaining  cartilagimtus  elements  ((.'leland  llW*)l. 

F.ach  end  of  the  xertebral  centrum  is  ixixerixl  by  ttne  cartilagiiuttis  end  plate.  Its  functiitit  is  threefitld. 

•  It  pixtlecls  the  xertebral  s(Hmgiit.sa  frxtm  [tressure  atrxtphy ; 

•  It  ixtnfines  the  annulus  fibrtxsus  and  nucleus  |tul(HKstis  xvithin  their  anatomical  Utundaries;  and 

•  It  acts  as  a  si'mi(H<rmealtle  membrane,  xxhich  facilitates  fluid  exchange  betwix-n  the  amndiis  fibrosus  aiiil 
nuclear  pul|Htsus  and  xertebral  Itinlx  xia  ttsmtttk'  action  tt'.riH'k  l'>7d.  Maritndas  l*>7.'l. 

In  the  early  years  id  life,  the  end  plates  arx'  liHtselx  enme.shixl  w  ith  the  irregular  radiating  fan-sha(HHl  riilges  and 
furrixxvsitf  the  underlying  xertebral  ivntrum  by  a  thin  layer  i»f  calcifieil  material  (Si-him'rl  and  Jnnghanns 
l*>7l  I.  Numenms  minute  xasi'ular  chanmds  ari*  emlieildeil  xvithin  and  iienetrate  iWply  intii  the  cartilaginous 
(dates  from  the  xertebral  skle.  These  also  (X'rmeate  the  anmdus  fibrosus.  The  end  (>late  is  adherent  ti»  the 
spicules  id  the  underlying  sicx  e-like  surfaiX'  id  the  vertebral  iXMitrum  by  a  thin  layer  of  calcified  material. 
Hclxxi'en  the  fine,  delicate  s()icules,  the  i'artilagini>ns  (ilatc  is  in  ixmtact  with  the  mamox  thnmgh  xxhich  it 
nxx'ixes  its  nutrient  sidxstam  e. 

IK  ith  ailxancing  age,  the  interxerlebral  disk  undergites  a  (xriHX'.ss  of  .sixiuestration  si>  that  it  ultimately  iHX'ixmes 
ix>m(*letelx  st'gregatevl  from  its  i-oufining  strticture.  The  nucleus  (uil(Hisus  Ux-omes  fragmenttxl.  stringy  anil  ilry 
in  a(<(<earamx>.  The  mtuxxkl  slrtictmx'  of  the  nucleus  is  rxqdaixxl  by  fibixH'artilage.  The  anmdus  ilcgenerales. 
kising  its  lanxinatevl-like  a(x|xearanix‘  anti  structure.  It  Ixxxuues  thin  and  unable  ti>  rx'tain  the  siX(uestrating 
nucleus  < I. exvin  l'H>4l.  The  xa.scular  chanmds  in  the  cartilaginous  eml  (dattxi  iliminish;  by  the  thini  diX'atle,  the 
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va:M.'ular  channels  are  largely  obliterated.  The  remaining  “holes”  found  in  the  cartilaginous  plates  are  called 
"ossification  gaps”  and  are  ascribed  as  "scars”  left  by  the  obliteration  of  the  vascular  channels.  Following  the 
third  decade,  retrogressive  changes  occur  in  the  hyaline  cartilaginous  end  plates.  The  plates  begin  to  show- 
signs  of  ossification  along  with  an  increase  in  the  deposition  of  calcium  salts.  The  end  plates  gradually  become 
brittle.  Fibrillation  becomes  more  evident  and  ranges  from  marked  thinning  to  complete  destruction  of  the 
central  end  plate  zone  (Schmorl  and  Junghanns  19711.  When  disintegration  begins  to  occur,  the  deformation 
characteristics  of  this  syndesmotic  joint  increase,  its  stability  is  compromised,  and  in  consequence  other 
structures  in  and  about  the  involved  joint  must  provide  support  and  integrity.  The  fulcrum  of  levering  forces  is 
transferred  toward  the  posterior  articulating  joints. 

The  intervertebral  disk  undergoes  with  aging  a  progressive  architectural  differentiation  that  is  postulated  to  be 
a  series  of  bitM-hemical  events  in  which  there  is  a  rapid  breakdown  of  the  protein  (Hvlysaccharide  linkages 
•  Del’alnia  and  Rothman  19701. 

In  this  ex|>eriment  it  is  uncertain  if  there  is  any  exchange  of  fluid  taking  place.  Therefore,  another  mechanism 
of  deformation  may  be  concerned  with  the  inherent  material  res(M)nse  of  the  intervertebral  disk  and  specifically 
the  getvmetry  of  the  annulus  fibrosus.  Extensibility  could  (XH-ur  in  the  annular  walls  by  collagen  fibril 
alighment  (i.e.,  a  change  in  orientation  of  the  annular  walls),  .\nuthr  deformation  mechanism  might  be  by 
rotation  shearing  or  gliding  and  the  stacking  of  neighboring  annular  walls  with  respect  to  their  mutual 
botmdaries.  Still  yet  another  mechanism  might  be  the  mass  transport  and  redistribution  of  nuclear  fluids 
radialh  by  diffusion  outward  from  the  nucleus  into  vacancies  within  or  between  the  annular  walls. 

Ba.sed  upt)n  a  comparison  between  the  combined  Tyf)e  1  and  2  creep  curves  ancfthe  Type  3  creep  curves,  it  is 
suggested  that  the  disk  forms  a  biomechanically-sealed  pressurized  unit  following  regression  of  the  vasculature 
from  the  annulus  fibrosus.  The  nutritional  demands  of  the  disk  are  fulfilled  by  the  diffusion  of  lymph  from  the 
adjacent  marrow  cavities.  This  study  also  suggests  that  if  the  vertebral  end  plates  lose  their  pro|)erties  as  a 
.semi|)ernieable  membrane  resulting  from  microtrauma  or  disease  (Smith  and  Brown  1%7I,  the  water  content 
of  the  nucleus  pulposus  decreases  and  a  gradual  architectural  differentiation  of  the  nucleus  pubxvstis  and 
annulus  fibrosus  probably  takes  place.  Based  iqton  these  observ  ations,  it  may  also  be  siumised  that  the  weight 
bearing  and  load  transmission  characteristics  of  the  intervertebral  joint  are  altered.  Mechanical  loads  are 
spread  over  a  larger  surface  contact  area,  and  osteophytes  form  along  the  edges  of  the  vertebral  centrum  and  at 
the  articular  facet  joints  to  transmit  and  attenuate  loads. 

How  realistically  the  creep  obserx  ed  in  the  exjieriments  reported  herein  is  related  to  the  in  vivo  situation  is 
uncertain.  In  vivo,  the  intervertebral  joint  is  subject  to  complex,  nonuniform  loading.  Second,  the  load 
transmission  pathways  in  the  spinal  column  are  dependent  largely  upon  overall  spinal  column  get>metr>-  and 
the  physiologic  condition  of  the  intervertebral  disks  and  articular  facet  joints.  The  intervertebral  joint  cannot 
b»’  considered  as  a  simple  structure. 

T))  shed  further  light  on  the  mechanisms  of  intervertebral  joint  creep,  it  is  convenient  to  c»>nsider  three  ty  (h*s  of 
ex|H'riments  as  constituting  the  future  work  to  be  conducted  in  the  field  of  interv  ertebral  joint  crt*ep  and 
recovery .  The  first  is  the  determination  of  the  effects  on  creep  parameters  of  different  ("onditions  of  stress. 
teni|)eratiu'e,  humidity,  and  anatomical  and  physiological  variables.  Based  on  such  information,  relationships 
Ix'tvveen  stress  and  intervertebral  joint  condition  for  a  particular  mechanical  load  or  creep  rate  can  be 
formulated.  Thus,  advantage  can  be  taken  of  such  relationships  for  interpolation  or  extra|H>lation  pur|>o.ses 
or  bi>th. 

The  sec<*nd  ty|H*  of  experiments  is  the  determination  of  the  methtnls  by  which  the  intervertebral  joint 
undergm's  deformation  during  crwp.  From  such  obst'rvations.  particular  nuxles.  mechanics,  and  prm’esst's  of 
deformation  should  be  defined  in  detail.  The  individual  physiologic  mechanisms  of  disk  action  and  their 
subsequent  short*  and  long-term  pathomechanical  effects  on  hard  and  soft  tissues  will  contribute  new 
knowledge  as  to  the  etiology  of  degenerative  changes  in  the  vertebral  centra  and  (uvsterior  articular  facet  joints. 
The  invasion  of  nuclear  tissue  into  the  cancellous  bone  of  a  vertebral  body  instigates  a  biochemical  reaction 
lM<tween  the  heniatopoietii'  tissue  of  the  centrum  and  the  semifluidic  nucleus  pulposus,  and  gradually 


irniiNforiiiN  llu'  h•>rniMll•li  into  « I'HrtilMKiiiouH  iiodiilt'  whii-li  in  linn*  in  MiirniuiKicd  h>  NcIcniMMi  Ihiiii'. 

VI  ith  tini<<,  ili*>  «'«rlil«Kin<>UM  iuhIuK*  nhowit  up  on  a  nt«>nlK<<iuiKr«iu  by  an  <>xcavaUHl  MliaiUtw  iMtny 

I'uncavily.  'I'lu*  aiao  of  ihi<  ooiicavily  variaa  from  llu<  haaii  of  a  pin  to  that  of  a  laniil  lH>an.  If  liairlinc  Hl<<llalt‘ 
frai'iuiva  or  tfara  art'  pr<*m*iii  in  an  and  piala,  o|H*n  (‘hannalH  ara  craalad  dial  iaad  lo  aiannaa  of  inii'laar 
dahydralion.  'I'ba  inlarvarlabral  joint  apaai*  baaoniaN  narrotvad  diia  lo  inlarvarlabral  dink  diinninii.  If,  on  dia 
odiar  hand,  larnar  anionnta  of  niialaar  malarial  ara  prolapaaii,  diminulion  of  iha  inlar\arlabral  iliak  apai'a  in 
notad.  In  aithar  caw*.  da^iandinn  upon  lha  aniounl  of  nualaar  liaaua  prola|taa<i,  tha  itraiw  craalad  by  conaiani 
weight  bearing  ie  traneferred  to  the  arituolar  facet  Jointa,  Adjacent  vertebrae  may  undergo  schleroeii  with  tha 
formation  of  bony  lipping  and  spurring.  The  articular  facet  Joints  may  show  atrophy  of  the  articular  cartilage, 
cburnation  and  anmion  of  iMuiy  HurfaccN.  In  a  joint  which  nIiown  iIionc  pathologic  changcN  able  to  williHiaml 
cxccNNiva  mw'hanical  lonVN?  i'hiN  hiomachanical  Nliidy  haa  ahad  aildilional  information  on  the  proliipai’  of 
nuclear  liaaiic  lliniiigh  the  carlilnginoiia  end  plate  into  the  vertebral  c«>iilrum.  The  evidemv  collecleil  herein 
alrongly  aiiggeala  that  apinnl  mecbanica  are  allen*tl  aa  a  reaiill  of  nuclear  liaaue  prolapac.  The  connection 
iN'iween  clinically  oba«>rved  pathology,  a«>condary  apinal  deformiliea,  microlratiiua  and  fracture  |Niteniial  ia 
curnuitly  o|u'n  lo  further  examiiiulion.  Knowlinlge  of  the  mi<chanical  reaponae  of  nuclear  tiaauc  prolapac  will 
eventually  eatabliah  certain  prophylactic  reatricliona  on  (vrtain  activitiea,  ao  that  the  danger  of  further  apinal 
ii\jury  potential  ia  reduced. 

'I'he  third  lyite  of  ex|M>riment  ia  concerned  with  the  kinelica  of  flow,  the  nonuniformily  of  alreaa  (IhiiIi  in 
direction  and  magnitude  I,  and  the  formulation  of  relalionshipa  connecting  the  external  variablea  of  atreaa  and 
liganienloua  preatreaa  with  the  aniounl  and  rale  of  intradiakal  fluid  exchange. 
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